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AI] STRACT

For the first time, large single crystals of the compound CoSb3 were grown from antimony
rich melts by the Bridgman  gradient frcczc tcchniquc.  CoSb3 has the skuttcruclite  crystal
structure and a pcritcctic  decomposition tcmpcraturc  of 873 “C. Samples were characterized
by X-ray diffractometry,  microprobe analysis and density measurements. A Dcbyc
temperature of 306 K was calculated from speed of sound measurements, As-grown

~ CoSb3  crystals show p-type conductivity. N-type samples were obtained over a wide range
of doping level by addition of Tc. Scebcck cocfficicnt,  electrical rcsistivity,  thermal
conductivity and Hall effect mcasurcmcnts  were performed between room tcmpcraturc  and

,500 ‘C. The rcsuhs  of these measurements arc prcscntcd  and discussed. Exceptional] y high
~ IIall mobilitics  were obtained on p-type samples which is consistent with the covalcncy  of
the skuttcruditc crystal structure. A maximum room temperature 1 lall mobility  of about
3445 cmz.V-l  .s-1 was measured on a sample with a carrier concentration of 4 x 1017 cm-~.
N-type samples were found to have substantially lower Hall mobilitics in the range of
tcmpcraturc investigated, A bandgap  of 0.55 CV was cslimatcd  from the high tcmpcraturc
electrical resistivity  and Hal] effect mcasurcmcnts.  The hole and electron cffectivc masses
were also estimated and are presented. Based on the cxpcrimcntal  data obtained, the
potential of CoSb3 as a thermoelectric material is discussed.

INTI<ODUCTION

CoSb3 belongs to a large family of materials having the skutteruditc  structure. This
structure is composed of a cubic lattice, space group lm3 and the unit cell contains 8 A133
groups. The lattice constant of CoSb3  is 9.0385 ~ and its pcritcctic  decomposition
tcmpcraturc is 873 “C [1]. Some properties of this compound were previously investigated
and it was found that CoSb3 is a semiconductor and its bandgap was estimated to 0.5 CV
from high tcmpcraturc  electrical rcsistivity  mcasurcmcnts  on n-type polycrystallinc  samples
[2]. IIowcvcr,  results obtained on small single crystals prepared by chemical vapor
transport techniques showed that CoSb3 had a metallic behavior. To clarify these
contracditory  results, wc attempted to grow, for the firsl time, large crystals of CoSb3 from
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non-stoichiometric  melts using the gradient freeze technique. The samples were
characterized by microprobe analyses, density and X-ray mcasurcmen[s. A variety of
electrical and thermal measurements were also performed on these samples over a wide
range of temperature. ‘1’hc cxpcrimcntal ciata  obtained show that CoSb3 is indeed a
semiconductor, The results of the mcasurcmcnts arc prcscntcd and the potential of this
compound as a thcrmoclcctric material is discussed.

I{ XI)lcI?IMICNTAI, I) I; TAII.S

‘lThc  Co-Sb phase diagram show tha[ the growth of the compound can bc ini(iatcd from Sb
rich melts between 91 and -97 at. % Sb [1]. Samples were grown using the gradient frcczc
technique from melts with 93 at.7~ Sb in scaled quartz ampoulcs  coated wi[h graphite and
with a pointed bottom. A tcmpcraturc gradient of about 50 ‘CYcm was maintained at the
growth  interface and the growth rate was 0.7 OC/h [3]. Doping studies were also conducted
by adding different amounls  of Tc in the melt.  Typical ingots obtained after the growth
were composed of two parts: the bottom par( corresponding to the compound CoSb3 and

, the upper part corresponding to the Sb rich cutec[ic. An overall number of 20 samples in
the form of disks about 2 nlJn thick and 10 mm in diameter were cut from the ingots.
‘1’ypica]  samples were composed of a few very large grains but single crystals (-10 mJn in
diatnclcr,  2 mm thick) were obtained as indicated by Lauc patterns. Selected samples were

~polishcd  and their microstructure was investigated under an optical microscope.
Microprobe analyses were also performed on the same samples to check their composition.
l~inal]y, some samples were ground for X-ray diffractometry (XRD) analyses. XRD
cxpcrimcnts showed that the samples were single phase and the lattice constant calculated
from the pattern showed that the stoichiomctry  of the samples was 1:3. l’hc density of all
samples was measured by the immersion tcchniquc  using tOILICJIC  as liquid, ~’hc measured
densities were found to bc about 99.57o of the theoretical density (7.69 g.cnl-~)  which also
indicates that the stoichiomctry  of [he samples was 1:3.

Samples were characteriT.cd at room temperature by speed of sound, } ]all effect and
Scebcck coefficient measurements. High temperature Sccbcck  cocfficicnt, electrical
rcsistivity,  thermal conductivity and }Iall  effect measurements were also performed on
selected samples,

RIMUI.TS  AND I)lSCIJSSION

lhc velocity of sound was measured at room tcmpcraturc in a single crystal of CoSb3  about
8 mJn long and using a frequency of 5 MHz. ‘1’hc longitudinal  sound velocity was found to
be 4.62 x 10~ m,s-1 and the transversal 2.64 x 10S m,s-1. The calculated average sound
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velocity is 2,93 x 103 m.s-l and the calculated Dcbyc tcmpcraturc using this average sound
velocity iS 306 K.

Room temperature van dcr Paw, Hall effect and Secbcck  coefficient measurements arc
summarized in Table 1 and the results clearly show that CoSb3 is a semiconductor. As
grown samples show p-type conductivity while doping with Tc concentration between 0.08
and 0.15 at. % changed the conductivity to n-type. All p-type samples were cut from (11c
same ingot and are single crystals. The change in properties from one end of the ingot to
the other might be attributed to changes in the stoichiomctry  of the samples inherent of the
growth process or segregation of residual impurities towards the end of the ingot. N-Iypc
samples cut from the same ingot have different carrier concentration bccausc of the
segregation of Tc during the directional crystallization.

Electrical resistivity p (mflcrn), Hall coefficient RI] (C.cm-s), } lall carrier concentration

tij~ (x 10lg.cm-s),  Hall mobility p}{ (cm2.V-l .s-l ), Sccbcck  coefficient a (pV/K).

P-type samples have exceptionally high carrier mobility and a maximum of 3445 cmz.V-
1 s-l was measured on a sanlple  with a Hall carrier concentration of about 4 x ] 017 CIII-3.

Figure 1 shows the room temperature l-lall  mobility for p-type skut[cruditc compounds
CoSb3 and IrSb3 and also for p-type Si and Gc. Skuttcruditc  compounds have significantly
higher mobility than state-of-the-art semiconductors such as Si, Gc and Ill-V’s. These high
mobilitics  are consistent with the covalent bonds in the skuttcruditc  structure and also to the
fact that the valcncc  band is essentially derived from pnicogcn-pnicogen bonds in these
materials [4]. N-type mobilitics  are substantially lower resulting in higher electrical
rcsistivity  values. Large Seebcck  coefficients were measured on n-type samples. An
estimation of the effective masses can be made from the room temperature values of the
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1 la]] coefficient and %ebcck  coefficient as follows. The Sccbcck coefficient (et) can bc

cxprcsscd  using Fistul formalism as:

a“’%%”’) ‘])
where k is the 1301tzmann  constant, c the electron charge, < the Jicrmi level, cP4 and @3 arc
Fistu] integrals and b is a factor which depends on the scattering mechanisms. Assuming
that the dominant
formalism, the Hal]

scattering mechanism is acoustic phonons, b=O. Using the same

coefficient (l?}])  can be expressed as:

3h3 Q)9 , z(~,b)_.. _ .—
‘1+ = %cc(2m  * kT)3 / 2 [~)~(~,b)]i

(2)

Using the room tcmpcraturc  values of the Sccbcck  coefficient and assuming acoustic
phonon scattering, the Fermi level ~ can be calculated from equation (1) and used in

equation (2) to calculate the effective mass m*. lJsing  the data tabulated in table 1, an4
average mass of 0.16 and 1.65 m. was calculated for the holes and the electrons,
respectively.
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Fi~urc 1: Room temperature I Ian mobi]it y for p-t ypc CoSb3 and 1rSb3 as a function
carrier concentration. Values for p-type Si and Gc arc also shown for comparison.
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Figure  2 shows the electrical resistivity  values as a function of the temperature for several n
and p-type CoSb3 samples with different doping levels. N-type samples have higher
rcsistivity values than p-type which do not show any intrinsic behavior in the investigated
range of temperature. Above 260°C,  the variations of (he electrical rcsistivity of n-type
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samples are practically linear with temperature and a bandgap value of 0.55 CV was
cstimatccl from the slopes of the curves.
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llmwe  2: Electrical resistivity  as a function of temperature for p and n-type CoSb~.

~ ~~jgurcs  ~ and 4 show the variations  of the Hal] motility and Sccbeck coefficient as a

‘“’function of temperature for n and p-type CoSb3 samples. The Hall mobility of p-type
samples dccreascs  with tcmpcraturc as T-l g indicating that acoustic phonons is the
dominant scattering.mechanism. The Hall mobility of n-type samples is negative up to
about 200”C and becomes positive for higher temperatures, increasing up to about 400°C
and decreasing for higher temperatures. The Secbcck coefficient variations of n and p-type
CoSb3  samples with temperature are quantitatively similar to the variations of the Hall

mobility. However, the Seebeck  coefficient of n-type samples changes sign at a
temperature of about 300°C, higher than for the IIall mobility, This unusual feature ncccls
to be understood and will be adresscd in the future.

The thermal conductivity of two p-type and one n-type CoSb3  samples was calculated from
thermal  diffusivity and heat capacity mcasuremsnts  up to 700°C  and the results arc shown
in Figure 5. The thermal conductivity dccrcascs  from room temperature up to about 400°C,
reaches a minimum value of about 4 W.rn-l ,K-1 and then increases duc to increasing
minority carrier conduction (bipolar contribution). The average value of ‘the thermal
conductivity at room temperature is 11.8 W.m-l .K-~. An estimation of the lattice thermal
conductivity of CoSb3 can be made by calculating the electronic contribution to the total
thermal conductivity using the Wiedemann-Franz law, the value of the l.orcnz  number
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being calculated using the Fermi level value obtained from ec]uation (1). The lat[icc  thermal
conductivity (kph) was estimated at 10.3 W.i~rl.K-l.
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Figure  3: Ilall mobility as a function of tcmpcrat  urc for p and n-t ypc CoSb3.
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Fimm 4: Secbcck coefficient as a function of temperature for p and n-type CoSb~.
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, Fjmme 5: Thermal conductivity as a function of temperature for p and n-type CoSbs.

Figure 6 shows the calculated ZT values for two p-type samples and onc n-type samples as
a function of temperature. A maximum 21’ value of 0.15 was achieved at about 300”C. This

! value is relatively low but no efforts at this time were made to optimize the doping ICVCI of
the samples.
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Fimlre 6: ZT values as a function of tcmpcraturc  for some p and n-type CoSb3 samples.
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Conventional theory for a single band semiconductor indicates the optimum thcrmoclcctric
figure of merit depends on the scattering mechanism and a material parameter
~ = ]n*sfz.@ph where rn* is the carrier cffcctivc mass, p is the carrier mobility and kph is

the lattice thermal conductivity. ~ can bc calculated from the estimated electron and hole

masses, the estimated lattice thermal conductivity of 10.3 W.m-l .K-l and the measured
values of the IIall nobilities for the holes and electrons. The Ilall mobilitics were
extrapolated at a carrier concentration of 1017 CnI-3 using the variations of the Ilall mobility
as a function of carrier concentration determined in this study. The results of the
calculations are reported in Table 2.

Table 2. Some properties of n and p-type CoSbs.

nl*/nh p (at 10]7 cnl-~ ) Aph P
(cIllZ.V-l  ,s-1 ) (W.nl-l,K-l)

J)-type 0.16 5000 10.3 31.06

n-t ypc 1.65 250 10.3 51.44

, The results in Table 2 show that n-type samples might have higher ZT values than p-type
despite the exceptionally IIall nobilities of p-type sarnp]cs. CoSb3 is dcfinitivc]y an
interesting material with a good thermoelectric potential, However, rclativcl  y low ZT values

~ were obtained mainly because the lattice thermal conductivity of CoSb3 is too large. IIigh
‘ ZT values might be possible for material with the skuttcruditc  structure if onc can find a

skuttcruditc material with a substantially lower thermal conductivity, retaining the good
basic properties of CoSb3.  Considering the large number of materials having the
skuttcrudite  structure [5] and the possibilities of tai loring composition and band gap in these
materials, onc should bc able to find a material with a good potential for high Z?’ values.
Reduction of the thermal conductivity can bc achicvcd,  for exarnplc,  by increasing phonon
scattering by alloying isostructural  compounds [6] or developing ternary or even quatcrnary
skuttcrudite  related phases [5],
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